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Abstract: Improving the efficiency of electron–hole separation

and charge-carrier utilization plays a central role in photo-

catalysis. Herein, Pt nanoparticles of ca. 3 nm are incorporated

inside or supported on a representative metal–organic frame-

work (MOF), UiO-66-NH2, denoted as Pt@UiO-66-NH2 and

Pt/UiO-66-NH2, respectively, for photocatalytic hydrogen

production via water splitting. Compared with the pristine

MOF, both Pt-decorated MOF nanocomposites exhibit sig-

nificantly improved yet distinctly different hydrogen-produc-

tion activities, highlighting that the photocatalytic efficiency

strongly correlates with the Pt location relative to the MOF.

The Pt@UiO-66-NH2 greatly shortens the electron-transport

distance, which favors the electron–hole separation and

thereby yields much higher efficiency than Pt/UiO-66-NH2.

The involved mechanism has been further unveiled by means

of ultrafast transient absorption and photoluminescence spec-

troscopy.

Hydrogen production from water splitting via photocatal-

ysis, especially in the visible-light spectral region, has been the

subject of intense research owing to its potential applications

in clean and renewable energy. The development of highly

efficient catalysts for maximizing the visible-light utilization

and improving the efficiency of electron–hole separation

remains critical in the field. To meet the challenges, various

strategies and catalyst systems have been developed,[1] among

which porous catalysts hold great promise because their

porous structures allow for exposing active sites as much as

possible and facilitate the accessibility of substrates to the

active surface by reducing diffusion resistance. Particularly, as

the photogenerated electrons undergo short transport dis-

tance to reach the substrates, the undesired volume recombi-

nation between electrons and holes can be largely avoided in

the subsequent photocatalytic water reduction.[2]

As a type of porous materials, metal–organic frameworks

(MOFs) have shown semiconductor-like characters in photo-

catalysis.[3–5] Some progress has been achieved by introducing

visible-light-responsive units (e.g., organometallic complexes,

2-aminoterephthalate, porphyrin, etc.) into MOFs for visible-

light photocatalytic hydrogen generation.[4] Notably, there

have been several reports on photocatalysis over metal

nanoparticles (NPs)/MOF composites, where metal NPs act

as effective electron acceptors for spatial charge separation,

leading to enhanced photocatalysis.[4d–f] However, to our

knowledge, there has not been any targeted investigation on

how the spatial position of electron acceptor influences the

catalytic performance of MOF-based photocatalysts thus far.

Given that most of the photoexcited electrons suffer from

annihilation during their transport to the catalyst surface for

reaction, it is recognized that the faster the electrons are

trapped by the acceptor/cocatalyst, the higher the catalytic

efficiency would be achieved. Thus, it would be highly

desirable to gain fundamental understanding on the unex-

plored spatial-position effects of the electron acceptor in the

MOF composite system.

The frequently used electron acceptors for enhanced

photocatalysis are noble-metal NPs, especially Pt NPs,[4d–f,6]

which can be immobilized in metal NPs/MOF composites by

different strategies: in situ formation of metal NPs inMOFs,[7]

and pre-synthesis of metal NPs for subsequent assembly of

nanocomposites.[8] In this work, by adopting the pre-synthesis

of metal NPs approach, Pt NPs of approximately 3 nm as

electron acceptors are dispersed into or supported on a MOF,

UiO-66-NH2,
[9] to afford Pt@UiO-66-NH2 and Pt/UiO-66-

NH2, respectively (Scheme 1).

The UiO-66-NH2 is chosen as it has an intersecting 3D

structure, high stability, regular shape, and is visible-light

responsive; meanwhile, the highly dispersed Pt NPs can be

readily encapsulated/supported.[7a,b,8] Both Pt-decorated

nanocomposites show an exponential enhancement of light-

responsive activity in reference to the parent MOF. Remark-

ably, unlike the common core–shell structured photocatalysts

with noble-metal NPs inside a semiconductor shell that

disfavors the transportation of both charge and substrates,

Pt NPs incorporated inside the semiconductor-like porous

UiO-66-NH2 are well accessible to protons. As a result,
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Pt@UiO-66-NH2 greatly shortens the electron-transport dis-

tance and hence suppresses the electron–hole recombination,

which is expected to have an enhanced catalytic activity

compared to Pt/UiO-66-NH2. In addition, the Pt NPs

embedded in the MOF do not undergo aggregation or

leaching during the reaction, which leads to better catalytic

recyclability of Pt@UiO-66-NH2 than that of Pt/UiO-66-NH2.

All these expectations and experimental results have been

further verified by ultrafast transient absorption and photo-

luminescence spectroscopy characterizations.

The Pt NPs with uniform sizes of around 3 nm are

synthesized following a published method (Figure S1 in the

Supporting Information),[8] and then re-dispersed in DMF

with ZrCl4 and the ligand to afford Pt@UiO-66-NH2 with

different Pt loadings (Figure S2). The optimized Pt@UiO-66-

NH2 with 2.87 wt% Pt loading (determined by the inductively

coupled plasma atomic emission spectrometry, ICP-AES)

shows an excellent dispersion of Pt NPs inside the MOF

particles (Figure 1a,c). In parallel, the Pt/UiO-66-NH2 with

a similar Pt content (2.81%) has been facilely prepared via

the assembly of Pt NPs in DMF solution with UiO-66-NH2.

The Pt/UiO-66-NH2 features well-dispersed Pt NPs covering

the whole external surface of the MOF particles (Fig-

ure 1b,d). No aggregation occurs to Pt NPs and their sizes

well maintain at around 3 nm in both samples based on

transmission electron microscopy (TEM) observations

(Figure 1, Figure S3). The crystallinity and structural integrity

of UiO-66-NH2 maintain well after Pt NPs are loaded,

according to their similar powder X-ray diffraction (XRD)

profiles and N2 sorption at 77 K (Figure S4). All the above

important features make it safe to conduct the following

performance comparison between the Pt@UiO-66-NH2 and

Pt/UiO-66-NH2 catalysts with a focus on their difference in

the Pt location relative to MOF.

The UV/Vis diffuse reflectance spectra for Pt@UiO-66-

NH2 and Pt/UiO-66-NH2 well inherit the feature of UiO-66-

NH2 and all the samples show roughly the same band gap (ca.

2.76 eV) and similar strong absorption in the region of

approximately 300–450 nm, indicating their comparable light

absorption (Figure 2a). In addition, Pt@UiO-66-NH2 has

a more enhanced absorption than Pt/UiO-66-NH2 and UiO-

66-NH2, which is most likely due to the close packing between

Pt and UiO-66-NH2 that leads to significantly high scattering

at long wavelengths,[10] in agreement with the color change

from pale yellow of UiO-66-NH2 to dark gray of Pt@UiO-66-

NH2 (Figure S5). To unveil the charge-separation efficiency,

photocurrent measurements have been carried out and the

results show that the photocurrents for both Pt-decorated

UiO-66-NH2 get enhanced as compared to the pristine UiO-

66-NH2 (Figure 2b), revealing that the formation of Pt-MOF

Schottky junction helps to separate the photogenerated

electron-hole pairs. The Pt@UiO-66-NH2 displays much

stronger photocurrent response than Pt/UiO-66-NH2, sug-

gesting the much higher efficiency of charge transfer from

MOF to Pt NPs in the former. This argument is also supported

by the electrochemical impedance spectroscopy (EIS) results

(Figure 2c), where Pt@UiO-66-NH2 exhibits a smaller radius,

indicative of a lower charge-transfer resistance. In addition,

this is further verified by photoluminescence (PL) emission

spectroscopy, which provides useful hints for the photoexcited

charge transfer and recombination. The PL of UiO-66-NH2 is

slightly weakened when the Pt NPs are supported on the

MOF, while get greatly suppressed when the Pt NPs are

dispersed inside the MOF (Figure 2d). These observations

indicate that the radiative electron–hole recombination is

more effectively suppressed by extracting the electrons with

internal Pt than supported Pt. Such distinctly different

photoelectrochemical properties in Pt@UiO-66-NH2 and Pt/

UiO-66-NH2 unambiguously demonstrate that the Pt spatial

location (inside or on the MOF particles) does matter.

Encouraged by the above characterization results, we set

out to investigate the photocatalytic efficiency of Pt-MOF

nanocomposites with different Pt locations. The water split-

ting for hydrogen production has been conducted with TEOA

in CH3CN as solvent under visible-light irradiation (Fig-

ure 3a). As indicated in the previous reports,[4b,5b] for photo-

catalysis based on UiO-66-NH2, the amino functionalized

organic linker as an antenna can be excited by visible light to

efficiently transfer energy to the Zr-oxo clusters via inter-
Figure 1. Typical TEM images of a),c) Pt@UiO-66-NH2 and b),d) Pt/

UiO-66-NH2.

Scheme 1. Schematic illustration for the synthesis of Pt@UiO-66-NH2

and Pt/UiO-66-NH2, with the photocatalytic hydrogen production

process over Pt@UiO-66-NH2 being highlighted.
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system crossing. For Pt-decorated UiO-66-NH2 catalysts,

given that Pt with a low overpotential is an ideal electron

trap and can provide redox reaction sites for hydrogen

evolution, the photogenerated electrons on the MOF transfer

to Pt through the Schottky junction for the subsequent proton

reduction (Scheme S1). As displayed in Figure 3a, compared

to the poor activity (1.72 mmolg¢1h¢1) of UiO-66-NH2, the Pt/

UiO-66-NH2 exhibits around 30 times higher photocatalytic

efficiency (50.26 mmolg¢1h¢1), revealing that the charge

spatial separation between MOF and Pt plays a critical role

in boosting its catalytic activity. Strikingly, the Pt@UiO-66-

NH2 exhibits a drastically enhanced activity

(257.38 mmolg¢1h¢1), about 150 and 5 times higher than that

of the parent MOF and Pt/UiO-66-NH2, respectively, with

similar Pt contents (2.87 vs. 2.81 wt%). Indeed, all Pt@UiO-

66-NH2 with different Pt loadings present

much faster hydrogen-production rate

than Pt/UiO-66-NH2 (Figure S6), suggest-

ing that photons are able to reach a high

deepness through the outer MOF layer

and almost all Pt NPs are assumed to be

engaged in photocatalytic reaction (Sup-

porting Information, Section 3). Further

recycling experiments for Pt@UiO-66-NH2

demonstrate that no noticeable change

occurs in the hydrogen-production rate

during the four catalytic runs for 10 h

(Figure 3b). The powder XRD profiles

confirm that the structural integrity and

crystallinity of Pt@UiO-66-NH2 are well

retained after reaction (Figure S7). In

contrast, the hydrogen-evolution rate

over Pt/UiO-66-NH2 reduces to one half

after the first run and suffers from con-

tinued decrease in subsequent runs, which

could be caused by undesired leaching or

aggregation of Pt NPs. This assumption is

further supported by the ICP (Table S1)

and TEM results (Figure S8), the latter of

which clearly show the aggregated Pt NPs

on the MOF surfaces in the absence of

strong protection, but well retained Pt

dispersion in Pt@UiO-66-NH2 due to the

great confinement effect by the MOF

structure.

The above photocatalysis results

clearly demonstrate that, with all other

parameters being fixed, the location of

electron-injected Pt dominates the photo-

catalytic efficiency. Further, the electron

spin resonance (ESR) results reveal the

generation of ZrIII intermediate via elec-

tron transfer during photocatalysis over all

the three samples (Figure S9).[5b,11] Inter-

estingly, Pt@UiO-66-NH2 gives the stron-

gest ZrIII signal, which is most likely caused

by the much accelerated electron-transfer

process in Pt@UiO-66-NH2, fitting well

with the observed highest reaction rate.

To gain further insights into the involved electron-transfer

processes, we resort to ultrafast transient absorption (TA)

spectroscopy, a robust tool to track the real-time photoexcited

carrier dynamics of nanocomposite systems.[5g,12] In the TA

measurements, a scheme featuring femtosecond UV pump/

white-light-continuum (WLC) probe is used. The pump laser

is chosen at 400 nm (center wavelength), which can effectively

promote electrons from the valence band to the conduction

band of UiO-66-NH2 (refer to the UV/Vis spectra in Fig-

ure 2a). The subsequent WLC probing in 540–750 nm, which

manifests as positive absorbance changes, monitors the TA

spectra of UiO-66-NH2 at different probe delays (Figure 4a).

It is found that different Pt location brings about no essential

variation in the spectral profiles, but results in changes in the

TA kinetics. Given that the relaxation kinetics of the TA

Figure 2. a) UV/Vis diffuse reflectance spectra, b) photocurrent responses, c) EIS Nyquist

plots, and d) PL emission spectra (excited at 400 nm) for UiO-66-NH2, Pt@UiO-66-NH2, and

Pt/UiO-66-NH2.

Figure 3. a) The photocatalytic hydrogen-production rates of UiO-66-NH2, Pt@UiO-66-NH2,

and Pt/UiO-66-NH2. b) Recycling performance comparison between Pt@UiO-66-NH2 and Pt/

UiO-66-NH2.
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signal depends on the probing wavelength, we globally fit

a set of kinetic traces ranging from 550 to 750 nm (21 traces

with a 10-nm interval), as shown in Figure 4b. For each

sample the TA signal builds up within the instrument

response function (ca. 100 fs). The subsequent recovery is

characterized by two time constants, that is, t1= 32� 3 ps

(45%) and t2= 379� 10 ps (55%) for UiO-66-NH2, t1= 18�

1 ps (50%) and t2= 254� 6 ps (50%) for Pt/UiO-66-NH2,

and t1= 8� 1 ps (60%) and t2= 204� 4 ps (40%) for

Pt@UiO-66-NH2. The mean relaxation lifetimes are 357� 9,

238� 5, and 139� 3 ps for UiO-66-NH2, Pt/UiO-66-NH2, and

Pt@UiO-66-NH2, respectively. Recovery featuring two decay

components in the picosecond domain usually correlates to

two trap states (probably with different trap depths),[13]

namely, photogenerated electrons transfer from the conduc-

tion band minimum to a shallow trap state and then to a deep

trap state. Since such trap states could be long-lived (normally

in the nanosecond domain), time-resolved PL spectroscopy

has been further examined. Figure 4c shows the PL kinetics

for each sample at 455 nm emission (lex= 400 nm). The mean

PL lifetimes are determined to be 10.28� 0.06, 7.26� 0.04,

2.86� 0.02 ns for UiO-66-NH2, Pt/UiO-66-NH2, and

Pt@UiO-66-NH2, respectively.

On the basis of the combined results from the above TA

and PL measurements, the pertinent mechanism underlying

the photoexcited electron dynamics involved in the systems

can be proposed. In comparison with UiO-66-NH2, both Pt/

UiO-66-NH2 and Pt@UiO-66-NH2 exhibit acceleration of TA

decay kinetics, which should be attributed to the opening of

an additional channel of electron transfer from the UiO-66-

NH2 to Pt NPs. The observations of PL quenching (Figure 2d)

and shortening of the PL lifetime (Figure 4c) consistently

suggest that the introduction of Pt NPs results in suppression

of the photoexcited charge recombination

in UiO-66-NH2 due to the opening of such

a new electron-transfer channel. More

importantly, the comparison between Pt/

UiO-66-NH2 and Pt@UiO-66-NH2 clearly

indicates that a more efficient charge

separation is achieved in the latter.

In conclusion, the uniform Pt NPs

have been deliberately encapsulated

inside or supported on MOF particles to

afford Pt@UiO-66-NH2 and Pt/UiO-66-

NH2, respectively, in which the only differ-

ence is the Pt location. Remarkably, the

path of electron transfer from MOF to

internal Pt is much shorter than to sup-

ported Pt, effectively avoiding the unde-

sired volume charge recombination.

Moreover, the electron-injected Pt NPs

inside the MOF are readily available to

protons, thanks to the high porosity of the

MOF shell. As a result, Pt@UiO-66-NH2

exhibits much better charge-carrier uti-

lization and thus significantly higher pho-

tocatalytic hydrogen production activity

than Pt/UiO-66-NH2. In addition, the

Pt@UiO-66-NH2 catalyst possesses excel-

lent stability and recyclability as a result of the great

confinement for Pt NPs in the MOF, while Pt NPs in Pt/

UiO-66-NH2 are prone to leach and aggregate, resulting in the

activity loss. Spectroscopic observations reveal the underlying

electron-transfer mechanism and verify that a more efficient

charge separation is achieved in the Pt@UiO-66-NH2 case.

The current study not only enables a deeper understanding on

the electron-transfer mechanism for metal NPs-MOF com-

posites, but also provides a unique perspective for the

development of efficient MOF-based and even other porous

material-based photocatalysts.
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